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Sugars perform multiple functions in organisms (Paul et al., 2008). They are a direct source of transferable energy and as polysaccharides they store energy. Polysaccharides like cellulose and chitin have important structural functions. Some sugars protect cells against damage both via a function as osmolyte and by direct protection of proteins and cell walls against denaturation (Paul et al., 2008; Elbein et al., 2003).  Because of the many varieties of sugar structures, due to different ring sizes, side groups and linkage positions, sugars can also play a role in signalling (Paul et al., 2008).  Sugar signalling links sugar availability with processes that cost energy like growth and development or environmental stresses that reduce energy availability. This enables an appropriate response to energy status. 

The signalling role of sugars stayed unnoticed for a long time, because sugars were seen solely as components of metabolism (Paul et al., 2008). The dual role of sugars in metabolism and signalling complicates the establishment of the exact source of a sugar signal. For example sucrose is easily hydrolysed into glucose and fructose, which makes it difficult to assign signals to sucrose, glucose or fructose. Another feature which makes sugar signalling hard to investigate is the close integration with hormone signalling pathways (Ramon et al., 2008).

Despite the difficulties encountered when studying sugar signalling, several regulatory systems have been discovered that connect sugar and energy availability with metabolism, growth and development (Smeekens et al., 2010). In plants, important systems involved in this regulation are the SNF1-related protein kinase 1 (SnRK1) complex, C/S1 bZIP transcription factors, the trehalose intermediate trehalose 6-phosphate (T6P), the target of rapamycin (TOR) kinase and hexokinase (HXK). HXK is a glucose sensor which binds glucose and is involved in glucose concentration dependent signalling (Moore et al., 2003; Karve et al., 2008; Matschinsky, 2009). 
T6P, TOR and HXK are growth promoting, while SnRK1 and C/S1 bZIP inhibit growth. The systems are all interconnected. The phosphorylation of glucose by HXK produces glucose 6-phosphate (G6P), which can be converted into T6P by trehalose phosphate synthase (TPS) (Figure 1). Both G6P and T6P inhibit SnRK1 which is involved in stimulating activity of the C/S2 bZIP transcription factors. In mammals, orthologs of the SnRK1 complex members that form the AMP activated kinase (AMPK) complex are known to inhibit TOR activity. 

The regulatory systems that are involved in sugar signalling in plants are often, but not always, also present in other eukaryotes like fungi and animals. For example the pathway that produces T6P is not found in vertebrates (Avonce et al., 2006). The interactions between the different regulatory systems are also not always conserved. In yeast T6P inhibits HXK activity, but this is not the case in Arabidopsis thaliana (Schluepmann et al., 2012). Furthermore, the number of genes involved in a pathway varies considerably between species. T6P dephosphorylation is carried out by only one enzyme in yeast while in A. thaliana 10 T6P phosphatases are present (Vandesteene et al., 2012). Important differences between species that probably have changed sugar signalling requirements in the course of evolution are multicellularity versus unicellularity and autotrophy versus heterotrophy.  Multicellular organisms have to adjust and coordinate energy needs of different cell types and tissues while unicellular organisms need to regulate energy availability and use for only one cell.  In photosynthetic organisms regulation of energy level is likely different for autotrophic and heterotrophic tissues, as the first are able to generate carbon themselves. Furthermore, organisms that cannot change their habitat, like plants, have to cope with environmental stresses that induce energy deprivation in a different way than organisms that can move to another environment. Sugar signalling pathways likely have evolved dynamically to meet these different requirements in different species. 

Fungal and mammalian orthologs of regulatory systems involved in plant sugar signalling are often studied already more extensively than their plant counterparts. To increase our understanding of sugar signalling in plants it is useful to investigate how orthologous regulatory systems are functioning. Comparison of plants and other eukaryotes with regard to the presence or absence of genes, regulatory sequences and protein domains that are important for the function and regulation of proteins involved in sugar signalling could give insight in the role of sugar signalling in plants. Differences between species might contribute to knowledge of the way in which different requirements for sugar signalling in different species are met during evolution. 




























Figure 1. Overview of interactions of regulatory systems important for the integration of sugar and energy availability with metabolism, growth and development. Hexokinase (HXK) converts glucose to glucose 6-phosphate (G6P) in the first step of glycolysis. Trehalose 6-phosphate (T6P), an intermediate of the trehalose (Tre) biosynthesis pathway is produced from G6P by trehalose 6-phosphate synthase (TPS). Both G6P and T6P inhibit activity of the SNF1 related (SnRK1) kinase complex. SnRK1 activation upon starvation induces phosphorylation of enzymes and transcriptional reprogramming. This reprogramming includes stimulation of the activity of C/S2 bZIP transcription factors.  In mammals, orthologs of the SnRK1 complex members that form the AMP activated kinase (AMPK) complex are known to inhibit TOR activity. Dashed arrows indicate regulatory links found in species outside the plant kingdom. Figure from Smeekens et al., 2010.
SNF1/AMPK/SnRK1

SNF1/AMPK/SnRK1 is a heterotrimeric kinase complex that exists of an α-, β- and γ-subunit (Table 1) (Polge & Thomas, 2007; Hardie, 2011a). In yeast, mammals and plants the complex is called sucrose non-fermenting 1 (SNF1), AMP-activated protein kinase (AMPK) and SNF1 related kinase (SnRK1) respectively.  Kinase activity of SNF1/AMPK/SnRK1 is performed by the α-subunit, while β- and γ-subunits have regulatory and stabilizing functions. In yeast one α-subunit (SNF1), three β-subunits (SIP1, SIP2 and GAL83) and one γ-subunit (SNF4) are present. All subunits in mammals are called AMPK and include two α-, two β- and three γ-variants.  A. thaliana α-subunits are AKIN10 (also known as AKINα2 or SnRK1.1) and AKIN11 (alternative names AKINα1 or SnRK1.2) (Polge & Thomas, 2007). KIN12, a homolog of the genes encoding AKIN10 and AKIN11, is possibly a pseudogene (Ghillebert et al., 2011). Furthermore, three β-subunits (AKINβ1, AKINβ2 and AKINβ3) and two γ-subunits (AKINγ and AKINβγ) exist (Polge & Thomas, 2007). In plants there is besides AKINγ and AKINβγ also a third class of γ-subunits, the PV42/BsnIP1-type proteins. 

Table 1. Subunits of SNF1/AMPK/SnRK1 kinase complexes and their upstream kinases and phosphatases
	SNF1 (yeast)	AMPK (mammals)	SnRK1 (plants)
α-subunits (catalytic)	SNF1	AMPKα1, -α2	AKIN10, AKIN11         
β-subunits	SIP1, SIP2, GAL83	AMPKβ1, -β2	AKINβ1, -β2, AKINβ3 (plant specific) 
γ-subunits	SNF4	AMPKγ1, -γ2, -γ3	AKINγ, AKINβγ (plant specific) 







The main function of the SNF1/AMPK/SnRK1 kinase complex is to coordinate energy availability and expenditure (Hardie, 2011a; Ghillebert et al., 2011; Polge et al., 2008). In yeast, SNF1 turned out to be important for the diauxic shift between metabolism of glucose and alternative carbon sources. If glucose is available, yeast generates ATP and ethanol by fermentation of glucose (Hardie, 2011a; Polge et al., 2008). Fermentation is less efficient than oxidative phosphorylation in terms of ATP generation, but it makes rapid proliferation possible by enabling enhanced glycolysis (Hardie, 2011a). Pyruvate produced by glycolysis can be converted into citrate in the first step of the citric acid cycle and forms a supply for lipid synthesis. Via conversion to isocitrate, citrate is also a source of NADPH generation, which is required for reductive biosynthesis (Hardie, 2011a; Vander Heiden et al., 2009). Fermentation of glucose seems therefore advantageous for generating biomass. Furthermore, ethanol is growth inhibiting for other micro-organisms (Rolland et al., 2006). If glucose level becomes low, ethanol is used as energy source by oxidative phosphorylation and proliferation slows down. The shift from glucose to ethanol or other carbon sources requires metabolic reprogramming. The yeast snf1Δ mutant seems unable to sense glucose deprivation and becomes inviable if grown on other carbon sources than glucose because it does not adapt its metabolism (Hardie, 2011a). Besides being crucial for the diauxic shift, yeast SNF1 is also involved in biosynthesis of reserve carbohydrates, autophagy, developmental processes (meiosis, sporulation, pseudohyphal growth and biofilm formation) and control of lifespan (Ghillebert et al., 2011).  Furthermore, SNF1 mediates the response to various abiotic stresses. 
AMPK 





The role of the plant SnRK1 complex is much less well studied than SNF1 and AMPK function (Polge & Thomas, 2007). But SnRK1 seems also to be involved in the regulation of metabolism upon energy deprivation. SnRK1 responds to nutrient shortage, environmental stress or a dark period.






SNF1/AMPK/SnRK1 α-subunits perform the catalytic function of the kinase complex, the transfer of a phosphate from ATP to a substrate protein. They have an N-terminal kinase domain (KD), with an activation loop that contains a conserved threonine residue which requires phosphorylation for kinase activity (Figure 2a, Table 2) (Ghillebert et al., 2011). The phosphorylated threonine residues are Thr210 (yeast), Thr172 (mammals), Thr175 (plant AKIN10) and Thr176 (plant AKIN11). The KD of yeast SNF1 forms, when crystallized, a dimer in which Thr210 is buried (Hedbacker & Carlson, 2008). Self-association was also shown with full-length SNF1. A crystal structure of S. pombe AMPK without the KD formed also a dimer, so the KD seems not required for dimerization. Whether dimerization has a biological function is unknown.

Next to the KD, an autoinhibitory sequence (AIS) is found, forming an autoinhibitory domain (AID). Deletion of the AID of AMPKα  increases kinase activity (Hardie et al., 2012). A crystal structure of KD and AID of the α-subunit of Schizosaccharomyces pombe showed that interaction of KD and AID possibly keeps the KD in a less active conformation (Chen et al., 2009). Interaction of AID and KD might besides inhibiting kinase activity also facilitate dephosphorylation of the conserved threonine in the activation loop. The inhibitory effect of the S. pombe AID is thought to be released upon AMP binding to adenosine phosphate binding site 1 of the γ-subunit (Chen et al., 2009; Hardie, 2011b). Instead of forming a compact structure of three α-helices like the S. pombe AID, in an AMPK crystal structure the AID was unstructured and quite far away from adenosine phosphate binding site 1 of the γ-subunit.  (Hardie, 2011b; Xiao et al., 2011). Furthermore, the sequence identity between yeast and human AID is only 16% (Xiao et al., 2011).  It is therefore questionable whether the mechanism of autoinhibition by the AID is similar in yeast and mammals.

The AMPK crystal structure also showed that the linker region that connects KD/AID and a C-terminal β-subunit interaction domain (β-SID) forms an ‘α hook’ (Xiao et al., 2011).  Interaction of this hook with the occupied adenosine phosphate binding site 3 of the γ-subunit is thought to stabilize shielding of the phosphorylated activation loop of the kinase domain to prevent phosphatase activity. In yeast next to the AID also a regulatory sequence is found which is involved in contact with the γ-subunit (Rudolph et al., 2010; Jiang & Carlson, 1996). 

The C-terminal β-SID of SNF1/AMPK/SnRK1 α-subunits interacts with β-subunit domains. Recently the far C-terminal end of AMPKα was found to contain a nuclear export signal (NES) in Drosophila melanogaster and mammalian cells (Kazgan et al., 2010).

Table 2. Summary of characteristics of SNF1/AMPK/SnRK1 α-subunit domains
	Yeast	Mammals	Plants
	SNF1	AMPKα1	AMPKα2	AKIN10	AKIN11
KD	Forms a dimer  	Present	Present	Present	Present
P-Thr	Thr210	Thr172	Thr172	Thr175	Thr176
AID	Structured, restricts KD (S. pombe) 	Unstructured, but deletion  increases kinase  activity	Deletion  increases kinase  activity		
Linker 	Involved in interaction with γ-subunit	Forms α hook that interacts with CBS3 of  γ-subunit, stabilizing shielding of  KD activation loop which protects against  dephosphoryla-tion			





The β-subunit of an SNF1/AMPK/SnRK1 kinase complex functions as scaffold for the other subunits of the trimer and is important for subcellular localization, kinase activity and target specificity. β-subunits contain an N-terminal glycogen binding domain (GBD) and a C-terminal association with SNF1 complex (ASC) domain (Figure 2a, Table 3) (Ghillebert et al., 2011). The GBD is also called carbohydrate-binding module (CBM) (Hardie et al., 2012) and overlaps largely with the kinase interaction sequence (KIS) (Ghillebert et al., 2011). The GBD/KIS is involved in the interaction between β- and α-subunits via the β-SID of SNF1 or SnRK1 α-subunits. In mammals, the GBD/KIS of β-subunits does not interact with AMPKα. Instead, interaction between AMPKα- and β-subunits takes place via the β-SID of an α-subunit and the ASC domain of a β-subunit.

The GBD domain of some β-subunits is involved in glycogen binding. Binding of glycogen to AMPKβ1 results in allosteric inhibition of AMPK activity and decreased phosphorylation of the α-subunit (McBride et al., 2009). One of the three β-subunits of SNF1, GAL83, strongly binds glycogen in vitro, while binding to another β subunit, SIP2, is weak (Hedbacker & Carlson, 2008). A regulatory role of glycogen binding is still under debate. Binding of the plant analogue of glycogen, starch, to the GBD of canonical SnRK1 β-subunits has not been reported.


Figure 2. General features of SNF1/SnRK1/AMPK kinase   complex subunits.
(A) Features of canonical α-, β- and γ-subunits. The NES of the α-subunits is only reported for Drosophila melanogaster and mammali-an cells. Myristoylation is absent in the yeast β-subunit Gal83 and in plant AKINβ3. 
Autophosphorylation of the β-subunit was shown for AMPKβ1.
(B) Domain structures of the plant-specific subunits (A) KINβ3 and (A)KINβγ that dif-fer from canonical β- and γ-subunits. 

















Table 3. Summary of characteristics of SNF1/AMPK/SnRK1 β-subunit domains 
	Yeast	Mammals	Plants
	GAL83	SIP1	SIP2	AMPKβ1	AMPKβ2	AKINβ1	AKINβ2	AKINβ3
KIS	Interacts with β-SID	Interacts with β-SID	Interacts with β-SID	Does not interact withβ-SID 	Does not interact with β-SID	Interacts with β-SID	Interacts with β-SID	Absent
GBD/CBM	Strong glycogen binding		Weak glycogen binding	Glycogen binding induces allosteric inhibition of AMPK activity and decreased phosphorylation of α-subunit 				Absent
	Constitutive activation SNF1 upon deletion, possibly mediated by decreased phosphatase association	No constitutive activation SNF1 upon deletion	No constitutive activation SNF1 upon deletion					
ASC	Interacts with γ-subunit 	Interacts with γ-subunit 	Interacts with γ-subunit 	Interacts with γ-subunit and β-SID	Interacts with γ-subunit and β-SID	Interacts with γ-subunit	Interacts with γ-subunit	Interacts with γ-subunit and β-SID
Autophosphorylation				Autophospho-rylation Ser involved in subcellular localization				
	Yeast			Mammals		Plants		
Domain	GAL83	SIP1	SIP2	AMPKβ1	AMPKβ2	AKINβ1	AKINβ2	AKINβ3
N-myristoylation	Absent	Involved in subcellular localization	Involved in subcellular localization	Involved in subcellular localization	Present	Involved in subcellular localization	Involved in subcellular localization	Absent
				Required for AMP/ADP-dependent activation of α-Thr172 phos-phorylation, possibly via AID 				




The C-terminal ASC domain of β-subunits is involved in interaction with the γ-subunits. The ASC domain of AMPKβ also interacts with α-subunits. A special variant of plant β-subunits that lacks the KIS/GBD domain, (A)KINβ3, interacts with both α- and γ-subunits via its ASC domain as well (Figure 2b) (Ghillebert et al., 2011).

The N-terminal region of β-subunits is variable and thought to regulate subcellular localization, AMP/ADP-dependent activation and target specificity. Most SNF1/AMPK/SnRK1 β-subunits are myristoylated at their N-terminus. Exceptions are GAL83 in yeast and plant AKINβ3 (Ghillebert et al, 2011; Mitchelhill et al., 1997; Oakhill et al., 2010; Pierre et al., 2007; Gissot et al., 2004). N-myristoylation has a function in subcellular localization (see below).  The GBD of AMPKβ1 contains serine residues that can be autophosphorylated and play also a role in subcellular localization (Mitchelhill et al., 1997; Warden et al., 2001).

In mammals, N-myristoylation was found to be important for activation of α-Thr172 phosphorylation upon AMP or ADP binding (Oakhill et al., 2010; Oakhill et al., 2012). The myristoyl group keeps AMPK inactive in the absence of AMP/ADP, but enables maximal activation when AMP/ADP is bound to AMPKγ.  The myristoyl group attached to β-subunits likely binds to an intramolecular binding pocket. Positions corresponding to myristoyl binding pockets in other myristoylated protein kinases suggest that the β-subunit myristoyl group possibly binds nearby the α-subunit AID. It might therefore modulate inhibition by the AID upon AMP/ADP binding. 





SNF1/AMPK/SnRK1 γ-subunits contains a divergent N-terminal domain (γ-NTD) followed by four cystathionine-β-synthase (CBS) repeats (Figure 2a, Table 4) (Hardie et al., 2012). The CBS repeats form a flattened disk consisting of two Bateman domains formed by CBS1/CBS2 and CBS3/CBS4 (Xiao et al., 2007). The interaction of two CBS repeats generates two potential ligand binding sites. The four binding sites formed by the two Bateman domains of γ-subunits are numbered according to the CBS repeat that contributes an aspartate residue to ligand binding (Hardie et al., 2012). 

Structural data of mammalian AMPKγ1 suggested that site 2 is always empty. This is supported by the absence of the ligand-binding aspartate residue in this site, which is replaced by arginine (Oakhill et al., 2012). In a S. pombe SNF4 crystal structure, site 2 was shown to bind ADP, although a regulatory function is not attributed to this binding. In the second CBS repeat of AMPKγ-subunits also a pseudosubstrate sequence was found, which in the absence of AMP inhibits the KD of the α-subunit (Scott et al., 2007). Conservation of the pseudosubstrate sequence suggests that it might 

Table 4. Summary of characteristics of SNF1/AMPK/SnRK1 γ-subunit domains 
	Yeast	Mammals			Plants	
	SNF4	AMPKγ1	AMPKγ2	AMPKγ3	AKINγ	AKINβγ
CTD including CBS1-4						Interacts with ASC domain of β-subunits
CBS1		Binds AMP/ADP  (exchangeable)				
	AMP  binding releases autoinhibition of α-subunit KD by AID (S. pombe)	AMP binding induces allosteric activation				
		AMP/ADP binding stimulates AMP/ADP binding to CBS3, involved in stimulation of Thr172 phosphorylation				
CBS2	Binds ADP (S.  pombe), no known regulatory function 	Unoccupied				




CBS3		Binds AMP/ADP  (exchangable)				
		Interaction with α-subunit α hook stabilizes shielding of  α-subunit KD activation loop which protects against  dephosphorylation				
		AMP/ADP binding  induces activation (dependent on  β-subunit myristoylation) of α-Thr172 phopshorylation, possibly via AID 				
CBS4	Binds AMP/ADP  (exchangeable) (S. pombe)	Binds AMP (possibly non-exchangeable)				Absence in alternative spliceform prevents interaction with α- and β-subunits  




also play a role in other eukaryotes. Mutations of the sequence indeed increased basal activity of SNF1. The inhibition of the KD by the pseudosubstrate sequence is thought to be released upon AMP binding. As nucleotide binding to site 2 of AMPKγ1 seems to be absent, this relieve of inhibition is likely not caused by AMP binding to site 2.  





In plants a special γ-subunit is present, AKINβγ. This subunit contains the four CBS domains of a canonical γ-subunit, but also an N-terminal GBD domain (Figure 2b, Table 4) (Gissot et al., 2006). Two spliceforms of this subunit are present and one of them lacks the most conserved fourth CBS domain. The variant without CBS4 does not complement the yeast snf4Δ mutant and also lacks interaction with α- and β-subunits. Both spliceforms are expressed in the same organs, but relative levels are variable. 

The GBD domain of AKINβγ corresponds exactly to the mammalian AMPKβ1 and yeast GAL83 GBD domain. AKINβγ possibly forms heterodimeric complexes because its GBD domain is able to interact with AKINα2. However, the CBS domains containing region of AKINβγ interacts with ASC domains of AKINβ1, -β2 and -β3 suggesting that although heterodimers possibly exist, heterotrimers are also present. 

The GBD domain of full length AKINβγ is involved in interactions with two proteins implicated in plant pathogen resistance that do not interact with the GBD domains of AKINβ1, -β2 or -β3. Besides mediating protein-protein interactions, the GBD might also mediate carbohydrate-protein interactions (Gissot et al., 2006). In the maize βγ-subunit many of the GBD residues important for glycogen binding to AMPKβ1 are conserved, while differences with AMPKβ1 might enable starch instead of glycogen binding (Lopez-Paz et al., 2009). Possible starch binding is also supported by the fact that the GBD of maize βγ-subunits and starch binding domains of β-amylase and glucoamylase are very similar. Key residues involved in starchbinding by the A. thaliana phosphatase PTP-KIS are conserved in A. thaliana AKINβγ as well (Gissot et al., 2006).  





In A. thaliana the class of PV42/BsnIP1-type γ-related subunits comprises AtPV42a, AtPV42b and an ORF from chromosome V (Fang et al., 2011; Slocombe et al., 2002)  as well as two ORFs related to SnIP1 (Gissot et al. 2006; Slocombe et al., 2002). PV42 from Phaseolus vulgaris (bean) was suggested to be a putative γ-subunits because of its  21% amino acid sequence identity with yeast SNF4. PV42 was however not functionally characterized (Slocombe et al., 2002). AtPV42a and AtPV42b share respectively 60% and 54% amino acid identity with P. vulgaris PV42 and contain four CBS domains (Fang et al., 2011). 





SNF1/AMPK/SnRK1 kinase complexes are highly conserved serine/threonine kinases (Ghillebert et al, 2011). In plants are besides SnRK1 also SnRK2 and SnRK3 kinases present, but they are less similar to SNF1 than SnRK1α subunits. The plant-specific SnRK2 and SnRK3 subfamilies of protein kinases mediate stress and asbscicic acid signalling (Baena-Gonzalez & Sheen, 2008).
Because homologues of AMPKα-, β- and γ-subunits were found in the very primitive eukaryote Giardia lamblia, the AMPK complex was suggested to be universal in eukaryotes (Figure 3) (Hardie et al., 2003). However, extensive studies of evolution of the SNF1/AMPK/SnRK1 complex seem to be missing or have been performed relatively long ago. 

In prokaryotes, proteins are found which are only composed of the CBS domains that are also present in AMPK γ-subunits. A CBS domains containing protein from Methanocaldococcus jannaschii was suggested to be an archaeal homolog of AMPKγ based on similarity of their crystal structures (Gomez-Garcia et al., 2010). This protein is just like AMPKγ able to bind AMP, ADP and ATP. Very limited evolutionary trees of α -, β- and γ-subunits are available (Figure 3). A study of the γ-subunits in yeast, invertebrates and mammals indicated that a duplication of γ-subunits occurred early in metazoan evolution (Yoshida et al., 1999). Duplication of mammalian β-subunits might have occurred later in metazoan evolution, as human AMPKβ1 and -β2 are more closely related to each other than to worm β1- and β2-subunits. The multiple plant β-subunits are possibly also a consequence of plant lineage specific duplications.    Lineage-specific duplications are suggested for mammalian and plant α-subunits as well.

βγ subunits  are thought to be plant-specific, as the combination of CBS domains and a GBD domain is not found in yeast and mammals (Gissot et al., 2006; Lumbreras et al., 2001). Plant βγ-subunits are more closely related to yeast and mammalian γ-subunits than plant γ-subunits (Figure 4), and unlike AKINγ, AKINβγ complements the yeast snf4Δ mutant (Gissot et al., 2006). The GBD domain of AKINβγ shares also a higher percentage of identity with mammalian AMPKβ proteins than with AKINβ2 (Figure 5) (Lumbreras et al., 2001). Plant βγ-subunits might originate from a fusion event between a GBD domain and a CBS domain containing protein. It is also possible that they are an ancestral form that lost its ASC domain while in other lineages β- and γ-subunits lost respectively their CBS domains or GBD domain.






















SNF1/AMPK/SnRK1 activity is regulated in various ways. In yeast activation of the SNF1 complex is dependent on nutrient stress like glucose limitation or environmental stresses including sodium ion stress, an alkaline pH, oxidative stress, genotoxic stress, heatshock and nitrogen limitation (Hedbacker & Carlson, 2008). Rapamycin addition also activates SNF1, indicating inhibition of SNF1 activity by TOR. 

AMPK activity is regulated by metabolic stresses, drugs, xenobiotics and cytokines (Hardie, 2011a). Metabolic stresses include glucose deprivation, hypoxia, ischemia, metabolic poisoning and muscle contraction. These processes decrease ATP generation or increase its consumption. The activation of AMPK by numerous drugs often involves ATP depletion via inhibition of ATP synthesis in mitochondria. AMPK can also become activated or deactivated by hormones and cytokines that regulate whole body energy level. Thyroid hormones inhibit AMPK, thereby promoting energy expenditure due to the activity of the sympathetic nerve system (Hardie et al., 2012).

Various starvation and stress conditions and glucose/sucrose availability induce opposite expression changes in SnRK1 target genes (Baena-Gonzalez & Sheen, 2008). Stress and starvation conditions include hypoxia, sucrose starvation and an extended night (Baena-Gonzalez et al., 2007). Plant SnRK1 is indeed activated by a dark period, while glucose 6-phosphate (G6P), a


Figure 4. Phylogenetic tree of AMPKγ-like subunits from various organisms. Bootstrap values are shown at the nodes. AKINβγ proteins are more closely related to animal and fungal AMPKγ-like subunits than AKINγ proteins. Figure from Gissot et al., 2006.

product of glucose metabolism, inhibits SnRK1 activity (Baena-Gonzalez & Sheen, 2008). In addition, SnRK1 is negatively regulated by glucose 1-phosphate (G1P) and trehalose 6-phosphate (T6P) (Zhang et al., 2009; Nunes et al. ). Besides suppression of SnRK1 target genes by sucrose, activation of SnRK1 by high sucrose levels or a high sucrose/glucose ratio is also reported (Halford & Hey, 2009). 









Direct activation of AMPK requires both phosphorylation of the conserved threonine in the activation loop of the kinase subunit, as well as binding of adenosine phosphates to the γ-subunit (Hardie, 2011a). 
The adenosine phosphate binding sites of AMPK γ-subunits have similar affinities for ATP, ADP and AMP. ATP concentrations are generally much higher than ADP or AMP levels and could easily outcompete ADP and AMP binding. However, competition of ADP and AMP with ATP is likely facilitated by the fact that the major form of ATP in a cell is bound to magnesium. Magnesium-bound ATP has a lower affinity for γ-subunits than free ATP. 




Phosphorylation of the activation loop in the kinase domain of α-subunits is performed by multiple kinases (Table 1) (Ghillebert et al., 2011). Thr210 of yeast SNF1 is primarily phosphorylated by SAK1 (alias PAK1) but ELM1 or TOS3 can phosphorylate Thr210 as well (Ghillebert et al., 2011; Liu et al., 2011). In mammals, phosphorylation of AMPKα-Thr172 is performed by LKB1, CaMKKβ or TAK1 (Figure 6) (Hardie, 2011a). LKB1 is the major upstream kinase of AMPK and functions in complex with the regulatory subunits STRAD and MO25. The LKB1 complex is thought to be constitutively active. Phosphorylation of AMPK by CaMKKβ is possibly part of a mechanism that anticipates on future energy consumption. CaMKKβ is a Ca2+/calmodulin-dependent protein kinase and increase of Ca2+ in the cytosol usually induces processes that require energy. TAK1 is activated
by cytokines, but its function is not clear. Phosphorylation of Thr175 (AKIN10) or Thr176 (AKIN11)








of SnRK1 α-subunits is performed by GRIK1 (also known as SnAK2) and GRIK2 (SnAK1) (Crozet et al., 2010).  

The SNF1/AMPK/SnRK1 phosphorylating kinases are related to each other (Figure 7). Interestingly, the kinases domains most similar to PAK1/TOS3/ELM1, CaMKKβ and GRIK1/2 in respectively yeast, mammals and plants, are the kinase domains of SNF1/AMPK/SnRK1 α-subunits SNF1, AMPK and AKIN10 (Shen & Hanley-Bowdoin, 2006). In plants it was shown that GRIK proteins and AKIN10 phosphorylate each other reciprocally. Phosphorylation of AKIN10 by GRIK is activating and feedback phosphorylation of GRIK by activated AKIN10 is inhibitory (Crozet et al., 2010). This feedback phosphorylation is possibly conserved in the upstream kinases of SNF1 and AMPK, except LKB1.  

Stimulation of AMPKα1-Thr172 phosphorylation upon AMP or ADP binding to AMPKγ- subunits requires N-myristoylation of AMPKβ-subunits (Oakhill et al., 2010; Oakhill et al., 2011). The myristoyl group suppresses phosphorylation of AMPKα and AMP/ADP binding to AMPKγ is needed to release this inhibition. Binding of AMP/ADP to AMPKγ site 1 is thought to stimulate  binding of AMP/ADP to site 3, while occupancy of site 3 is most important for stimulation of Thr172 phosphorylation of the α subunit. It is not known whether phopshorylation of yeast SNF1 and plant AKIN10/11 is stimulated by a similar mechanism (Hardie, 2011a). 


















The degree of AMPK activity is regulated by both phosphorylation and dephosphorylation of the catalytic α-subunit. In yeast, glucose promotes accessibility of α-Thr210 for the PP1 phosphatase complex GLC7-REG1 (Ghillebert et al., 2011) (Table 1). SIT4, a PP2A-like phosphatase, is also able to dephosphorylate SNF1-Thr210. In mammals and plants PP2A and PP2C could dephosphorylate and inactivate AMPK and SnRK1 in vitro, but which protein phosphatases are responsible for in vivo dephosphorylation fo the complexes is unknown. 





Allosteric activation of AMPK involves binding of AMP to site 1 of AMPKγ but is likely also dependent on cooperative AMP binding to sites 3 and 4, whereby occupation of one site promotes binding to another site (Oakhill et al., 2012).  N-myristoylation of AMPKβ is not required for allosteric activation. Allosteric activation of AMP has been reported for AMPK orthologs in D. melanogaster and Caenorhabditis elegans but SNF1 and SnRK1 are not allosterically activated by AMP (Hardie, 2011a). It was suggested that trehalose 6-phosphate (T6P), which inhibits SnRK1 in plants, might be involved in allosteric regulation of SNF1/SnRK1 in yeast and plants (Ghillebert et al., 2011). This is however not likely for yeast as SNF1 inhibition by T6P seems to be missing (Zhang et al., 2009).
	












Subcellular localization of AMPK/SNF1/SnRK1 kinases is also regulated. In the presence of glucose, all yeast β-subunits reside in the cytoplasm (Hedbacker & Carlson, 2008). Upon glucose starvation, GAL83 localizes to the nucleus and SIP1 is targeted to the vacuolar membrane. SIP2 remains cytoplasmic. N-myristoylation is important for the subcellular localization of β-subunits. GAL83 cannot be N-myristoylated (Zhang et al., 2011), but SIP1 requires N-myristoylation for its membrane localization.  The myristoylation group is likely inserted into the membrane. N-myristoylation of SIP2 enables sequestering of the γ-subunit SNF4 at the plasma membrane in young cells (Ghillebert et al., 2011). At a certain age, SIP2 shifts from the plasma membrane to the cytoplasm and SNF4 can be translocated to the nucleus. β-subunit localization is thought to dictate localization of the entire SNF1 kinase complex (Hedbacker & Carlson, 2008). 

Nuclear and cytoplasmic localization of AMPKα1 and AMPKα2 is cell-type dependent (Kazgan et al., 2010) and might involve a nuclear localization signal (NLS) which is only present in AMPKα2 (Suzuki et al., 2007). It was also suggested that AMPKα2 is normally imported into the nucleus while under stress conditions localization is primarily regulated by a nuclear export signal (NES) (Kazgan et al., 2010). Like in yeast, N-myristoylation is also important for subcellular localization of AMPK β-subunits. In mouse cells, N-myristoylation of AMPKβ1 anchors AMPKβ1 and AMPKα2 to the outer membrane of mitochondria. Upon leptin treatment, only AMPKα2 bound to AMPKβ2 localizes into nucleus (Suzuki et al., 2007).  Translocation of AMPK to the nucleus can be induced in vitro by cellular stresses like heat, energy depletion and oxidative stress (Kodiha et al., 2007) and by leptin (Suzuki et al., 2007), but in vivo only heat shock altered AMPK localization (Kazgan et al., 2010). In human skeletal muscles AMPKα2 was found to translocate to the nucleus upon exercise (McGee et al., 2003).

Subcellular localization of AKIN10 in plant tissues during different developmental stages is variable and includes localization at the plasma membrane, in the cytoplasm, in ring-shaped structures surrounding the nucleus and in the nucleus itself (Bitrian et al., 2011). In leaves, AKIN10 and AKIN11 are mainly located in the chloroplast, but they are also found in the cytoplasm (Fragoso et al., 2009). AKINβ1 and AKINβ2 are located at the plasma membrane in onion epidermal cells (Pierre et al., 2007). This localization requires N-myristoylation, as inhibition of myristoylation results in nuclear (AKINβ1) and cytosolic (AKINβ2) localization. Prediction of subcellular localization of AKINβ1 and AKINβ2 suggests respectively mainly nuclear and chloroplastic and nuclear localization (Fragoso et al., 2009). This prediction possibly did not take into account N-myristoylation of AKINβ-subunits but indicates that AKINβ2 in the absence of myristoylation might be present in the chloroplast.







Yeast SNF1 regulates both transcription and enzymatic activity upon carbon stress (Hedbacker & Carlson, 2008). During the diauxic shift, the expression level of a quarter of the yeast genome is changed (Polge & Thomas, 2007). In the absence of glucose, MIG1 is phosphorylated by SNF1 and exported from the nucleus. This interrupts the interaction between MIG1 and the corepressor complex SSN6(CYC8)-TUP1 and alleviates repression of glucose-repressed genes (Polge & Thomas, 2007; Hedbacker & Carlson, 2008). 

Besides regulating transcriptional repressors, like MIG1, SNF1 regulates transcription also via transcriptional activators, chromatin and probably the transcription machinery (Hedbacker & Carlson, 2008). Transcriptional activators that are activated by SNF1 include CAT8 and SIP4. Heat shock transcription factor (HSF) is phosphorylated by SNF1, and this promotes its binding to low-affinity promoters. Phosphorylation of transcription factor MSN2 by SNF1 inhibits its nuclear accumulation, while transcription factor GLN3 accumulates in the nucleus when phosphorylated by SNF1.  SNF1 promotes binding of transcription factor ADR1 to chromatin and is also involved in regulating transcription via phosphorylation of histone H3 and acetyltransferase GCN5. Genetic evidence suggests that activity of the transcriptional apparatus is regulated by SNF1 as well. 

One of the metabolic enzymes phosphorylated by SNF1 is acetyl-coA carboxylase (ACC1), which is inactivated upon phosphorylation. ACC1 is involved in biosynthesis of fatty acids. Transcription of INO1, which is important for biosynthesis of phospholipids, is also affected by ACC1 phosphorylation. SNF1 is furthermore required for accumulation of the important storage carbohydrate glycogen and phosphorylates glycogen synthase. Glycogen stores are maintained via the promotion of autophagy, the reuse of organelles and macromolecules, by SNF1. Expression of hexose transporters is controlled by SNF1 as well. 

Besides its response to carbohydrate stress, SNF1 is activated by other stresses. This results for example in transcription of the ENA1 gene, which encodes an Na+-ATPase, upon alkaline or sodium ion stress. Carbohydrate stress causes protection against other stresses. Upon glucose depletion, ENA1 is induced, HSF is activated and MSN2, which is a stress response transcription factor, is phosphorylated.





AMPK is involved in cellular metabolism, whole-body metabolism and has also functions beyond metabolism. Just like SNF1, AMPK regulates cellular metabolism by phosphorylation of both metabolic enzymes and proteins involved in transcription (Ghillebert et al., 2011). Targets are phosphorylated at conserved serine/threonine residues (Hardie et al., 2012). The substrate recognition motif of AMPK is well defined (Hardie, 2011a) and contains hydrophobic residues at positions -5 and +4 of the phosphorylated amino acid, while at -4 and/or -3 basic residues are found (Hardie et al. ,2012). The recognition motif of AMPK is conserved in yeast and plants (Halford et al., 2004). 

Targets of AMPK that play a role in cellular metabolism are summarized in Figure 8. Additional AMPK targets not shown in Figure 8 are ChREBP, HNF4α, p300, hormone-sensitive lipase (HSL) and possibly PPARγ (Hardie, 2011a; Polge et al., 2008; Rutter et al., 2003). Pathways regulated by AMPK are overlapping with processes downstream of SNF1. Anabolic pathways that cost energy, like lipid and protein synthesis are inhibited by both AMPK and SNF1, while catabolic pathways including glycolysis and autophagy are stimulated. ACC1 and glycogen synthase are direct targets of both SNF1 and AMPK but plant ACC is not a substrate of SnRK1 (Halford et al., 2004). 

Regulation of whole-body metabolism by AMPK is exhibited by the control of appetite, blood glucose level and circadian rhythms (Hardie et al., 2012).  The control of appetite by AMPK involves its activation in presynaptic neurons by ghrelin, a fasting hormone. AMPK activity creates a positive feedback loop of Ca2+ release, which promotes AMPK activity and stimulates feeding via activation of postsynaptic NPY/AgRP neurons. Downstream target(s) of AMPK in this positive feedback loop are not known yet. AMPK is also thought to promote release of adrenaline and glucagon to control 


Figure 8. Regulation of cellular metabolism by AMPK. Proteins on the inner wheel with question marks are possibly not directly phosphorylated by AMPK. Catabolic pathways, like uptake of glucose via glucose transporter types 1 (GLUT1) and  4 (GLUT4), glycolysis, fatty acid uptake via CD36 and  fatty acid oxidation, mitochondrial biogenesis and autophagy are activated. Anabolic pathways like synthesis of fatty acids and triglycerides and cholesterol, transcription of lipogenic enzymes and gluconeogenic enzymes, synthesis of glycogen, protein and ribosomal RNA (rRNA) are inhibited. ACC, acetyl CoA carboxylase; CRTC2, CREB-regulated transcription co-activator 2; GPAT, glycerol phosphate acyl transferase; HDACs, histone deacetylases; HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; mTOR, mammalian target of rapamycin; PFKFB, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase; PGC1α, peroxisome proliferator-activated receptor-γ co-activator 1α; Pol I, RNA polymerase I; RAPTOR, regulatory-associated protein of mTOR; SIRT1, sirtuin 1; SREBP1C, sterol regulatory element-binding protein 1C; TBC1D1, TBC1 domain family member 1; TIFIA, transcription initiation factor IA; TSC2, tuberous sclerosis 2; ULK, UNC-51-like kinase. Figure from Hardie  et al., 2012.

blood glucose (Hardie et al., 2012). In mammals metabolism and the timing of feeding are synchronized with the daily dark-light cycle via circadian rhythms. Proteins involved in the establishment of circadian rhythms form delayed negative feedback loops that induce rhythmic expression of many genes. CRY1, one of the genes involved in establishing a negative feedback loop, is active upon phosphorylation by AMPK. Other AMPK targets like ACC are also known to be phosphorylated following a circadian rhythm.





SnRK1 is involved in metabolic homeostasis, stress signalling and development (Polge & Thomas, 2007), processes which are also regulated by SNF1 and AMPK. Overexpression of AKIN10, a SnRK1 α-subunit, induces resistance to carbohydrate starvation and results in many transcriptional changes (Baena-Gonzalez et al., 2007). Upregulated genes include genes involved in amino acid, lipid, protein, starch and cell wall degradation, autophagy and glycolysis. Upregulation of these catabolic processes provides energy. Furthermore, some trehalose 6-phosphate synthesis (TPS) genes were induced (TPS8-11). Downregulated genes include genes involved in anabolic processes like amino acid, ribosome and cell wall synthesis. The effects of AKIN10 overexpression are partially mediated by bZIP transcription factors, possibly via direct phosphorylation (Hummel et al., 2009). 

Compared to yeast and especially mammals, in plants few targets that are directly phosphorylated by SnRK1 are established. They include HMC-CoA reductase (HMGR) and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase (PFKFB) which are both also targets of mammalian AMPK, nitrate reductase (NR), sucrose phosphate synthase (SPS), trehalose phosphate synthase 5 (TPS5), the barley heat shock protein BHSP17 and the transcription factor FUSCA3 (FUS3) (Polge & Thomas 2007; Hardie et al., 2012; Harthill et al., 2006b; Tsai & Gazzarrini, 2012). HMGR is not a target of yeast SNF1 (Halford et al., 2004). Sucrose synthase and α-amylase are regulated by SnRK1 on transcriptional level (Polge & Thomas, 2007). Posttranslational redox activation of AGPase, important for starch synthesis, is stimulated by SnRK1 under high sucrose levels. This corresponds with impaired starch accumulation in the moss Physcomitrella patens if SnRK1 is disrupted.














Trehalose 6-phosphate is an intermediate of the trehalose biosynthesis pathway (Paul et al., 2008). Trehalose is an α,α-1,1 disaccharide that resembles sucrose (Figure 9). Different trehalose biosynthesis pathways are known, but in eukaryotes the TPS/TPP pathway is predominant (Avonce et al., 2006). This pathway consists of trehalose-6-phosphate synthase (TPS) and trehalose-6-phosphate phosphatase (TPP). TPS converts uridine diphosphoglucose (UDPG) and glucose 6-phosphate (G6P) into trehalose-6-phosphate (T6P) and uridine diphosphate (UDP). T6P is subsequently cleaved by TPP forming trehalose and inorganic phosphate. The enzyme trehalase is able to convert trehalose back into two glucose molecules.




Trehalose has various functions in different organisms (Paul et al., 2008; Elbein et al., 2003). In bacteria, trehalose functions as an osmoprotectant to cope with sudden changes of solute concentrations outside the cell. It can also be used as an external carbon source. In mycobacteria and corynebacteria trehalose forms the basis of glycolipids in the cell wall. Fungi synthesize trehalose for protection against abiotic stresses like desiccation and can use it as a reserve carbon source as well. In various organisms trehalose is able to protect membranes and proteins against adverse effects of dehydration. Trehalose is the most common sugar in the haemolymph of insects and storage in their thorax muscles delivers energy during flight.  Besides functions of trehalose in stress protection and as a carbon source, in yeast the trehalose intermediate T6P is involved in regulating the entry of glucose into glycolysis.  Although in plants T6P is not involved in glycolysis influx in a way similar to that in yeast, there are several indications that trehalose metabolism is involved in signalling in higher plants as well. 






Classification of A .thaliana TPS and TPP proteins is based on homology of TPS/TPP genes with yeast TPS genes (Leyman et al., 2001). Class I TPS proteins (AtTPS1-4) resemble ScTPS1, the yeast protein with TPS activity, and contain both a TPS and a TPP domain (Table 5). The TPP domain is a member of the HAD (L-2-haloacid dehalogenase) superfamily and these magnesium-dependent phosphatase/phosphotransferase domains are characterised by the presence of three conserved motifs (Avonce et al., 2006). The TPP domain of Class I TPS proteins however lacks the conserved motifs important for phosphatase activity. The TPS domain is catalytically active in some but not all Class I TPS proteins. Amino acids  that are probably important for binding of G6P or UDPG, as deduced from the 3D structure of the E. coli TPS enzyme OtsA, are conserved in proteins with known TPS activity (Avonce et al., 2006). In A. thaliana these conserved residues are present in AtTPS1 and AtTPS2. But TPS activity is only found for AtTPS1 which is able to complement the yeast tps1Δ mutant (Blazquez et al., 1998; Van Dijck et al., 2002; Vandesteene et al., 2010). The conserved substrate binding residues are probably not all required for TPS activity. In TPS proteins from Oryza sativa (rice) residues that are important for substrate binding in OtsA are not conserved while trehalose is synthesized in rice and the only present trehalose biosynthesis pathway is the TPS/TPP pathway (Avonce et al., 2006). Presence of an autoinhibitory N-terminal extension might be a better indication for TPS activity (Van Dijck et al., 2002; Avonce et al., 2010).

Table 5. Overview of TPS/TPP proteins in S. cerevisiae and A. thaliana and their function
Species	Protein 	Classification 	Domains	Function
S. cerevisiae	TPS1		TPS + TPP	TPS activity
	TPS2		TPS + TPP 	TPP activity
	TPS3			Regulatory
	TPSL			Regulatory 
A. thaliana	TPS1	Class I	TPS + TPP	TPS activity
	TPS2-4	Class I	TPS + TPP	Unknown  













The TPS/TPP trehalose biosynthesis pathway is likely ancient, as TPS and TPP genes are already found in bacteria and archaea (Avonce et al., 2006). TPS and TPP genes are absent in vertebrates, but trehalase has been shown to be active in mammalian intestines (Elbein et al., 2003). Trehalase is used there to break down trehalose present in food sources like mushrooms, seafood and yeast products such as bread and beer (Paul et al., 2008; Elbein et al., 2003). 

In bacteria and archaea the trehalose synthesis pathway usually consists of only one gene with a TPS domain and one gene  with a TPP domain (Avonce et al., 2006). Some bacteria have two TPS domain containing genes, which is likely a result of lateral gene transfer. The genes encoding the TPS and TPP proteins of prokaryotes are frequently located closely together and probably form single operons. Plants and fungi often contain multiple genes with TPS and TPP domains. In some of these genes both a TPS and a TPP domain are present.

Phylogenetic analysis of the TPS domain showed distinct archaea/bacteria and fungi/plants branches (Avonce et al., 2006) (Figure 10). Interestingly, nematode sequences are located within the archaea/bacteria branch, suggesting lateral gene transfer, while insect sequences are found between the archaea/bacteria and fungi/plants branch. The fungi/plants branch reveals that the common ancestor of plants and fungi likely contained at last two TPS proteins, as two distinct branches of TPS proteins with both plant and fungal sequences are found. One branch contains plant Class I TPS proteins and another branch plant Class II TPS proteins.  Proteins with known TPS activity are only found in the branch with plant Class I TPS proteins and include TPS1 from A. thaliana, Saccharomyces cerevisiae and S. pombe (Avonce et al., 2006; Bell et al., 1998). The presence of multiple Class I TPS proteins seems to be limited to the Brassicaceae family (Lunn, 2007).

Figure 10. Maximum likelihood phylogeny of the TPS domain. Bootstrap values are shown as percentage of 1000. Colors indicate the taxonomic group of a protein. *Actinobacteria, **Cyanobacteria, α alpha-proteobacteria, β beta-proteobacteria, γ gamma-proteobacteria, δ delta-proteobacteria, °Crenarchaeota, °°Euryarchaeota.  Figure  from Avonce et al., 2006.

The TPP domain phylogeny resembles that of the TPS domains with regard to proteins with both a TPS and a TPP domain (Avonce et al., 2006) (Figure 11). Only AtTPS8 clusters with Class I TPS proteins while in the TPS domain phylogeny it clusters with Class II TPS proteins. This might be a result of gene conversion of the TPP domain of AtTPS8 with AtTPS3.  All fungal TPP domains are related to plant Class I and Class II TPP domains. Plant Class III TPP domains are closely related to Mycobacterium, so they might be the result of lateral gene transfer after divergence of fungi and plants.

As TPP and TPS genes are located closely together in prokaryotes and plant genes with both a TPP and TPS domain are found already in the alga Ostreococcus tauri it was suggested that TPP and TPS domains fused early in plant development (Lunn, 2007). Recently a class of bacteria was found in which a gene with both a TPS and TPP domain is present (Avonce et al., 2010). At least in Cytophaga hutchinsonii this TPSP has both TPS and TPP activity.  Phylogenetic analysis of TPP domains (Figure 12) and TPS domains (not shown) resulted in similar trees in which C. hutchinsonii TPSP and other prokaryotic sequences with fused TPS-TPP domains cluster in between single domain prokaryotic sequences and sequences from eukaryotes, with the exception of plant Class 
Figure 11. Maximum likelihood phylogeny of the TPP domain. Colors indicate the taxonomic group of a protein. Bootstrap values are shown as percentage of 1000. *Actinobacteria, **Cyanobacteria, α alpha-proteobacteria, β beta-proteobacteria, γ gamma-proteobacteria, δ delta-proteobacteria, °Crenarchaeota, °°Euryarchaeota. Figure  from Avonce et al., 2006.

III TPP proteins, S. cerevisiae TPS1 and TPS1 from insects. The location of protozoa in between bifunctional prokaryotic sequences and plant/fungal sequences with TPS and TPP domains suggests that fusion of a TPS and TPP domain might have occurred before the last eukaryotic 
common ancestor. Because protozoan sequences cluster in two different classes like plant and fungal sequences, LECA might have contained already two genes with fused TPP/TPS domains (Figure 13). 

When sequences containing both TPS and TPP domains are compared, insect sequences cluster together with fused prokaryotic sequences instead of single domain prokaryotic sequences  (Avonce et al., 2010). The location of S. cerevisiae TPS1 between single domain prokaryotic sequences suggest an additional gene fusion event. Homologs of Class III TPP genes were found in proteobacteria and it was suggested that Class III TPP genes possibly originate from the endosymbiont that was the ancestor of mitochondria (Lunn, 2007). This hypothesis was supported by the detection of a protein in the bacterium Rhodoferax ferrireducens that showed high TPP activity and is closely related to plant Class III TPP genes (Figure 12) (Avonce et al., 2010). 









In plants T6P level increases upon sucrose feeding (Paul et al., 2008) and trehalose feeding (Schluepmann et al., 2012). As AtTPS1 is expressed constitutively, the correlation of T6P with sucrose level possibly reflects the availability of the sucrose breakdown products UDPG and G6P which are converted into T6P by TPS1 (Paul et al., 2008). Increase of T6P level upon trehalose feeding might reflect inefficient dephosphorylation by TPP proteins when trehalose level is high 
 (Schluepmann et al., 2004). AtTPS1 is localized in the cytoplasm and the nucleus and possibly also in chloroplasts and mitochondria (Vandesteene et al., 2010). Several Class III TPP genes are predicted to be localized in the chloroplast (Schluepmann & Paul, 2009). Regulation of localization possibly enables tissue-specific responses to the same UDPG/G6P levels. 
Class I and II TPS proteins that lack catalytic activity might be involved in regulatory functions, possibly including regulation of T6P level or its downstream effects, as well. In yeast TPS3 and TSL1 are regulatory subunits of a complex with TPS1 and TPS2 (Paul et al., 2008). TPS1 from the plant pathogenic fungus Magnaporthe oryzae was proposed to be a G6P sensor, as it has regulatory functions that are independent of its catalytic function to produce T6P but which require G6P binding. Similar stabilizing and G6P sensing functions might exist for AtTPS2-11 (Paul et al., 2008; Vandesteene et al., 2010).

Conservation of the TPS and TPP domains of AtTPS2-4 (Class I) suggests that they have a function (Avonce et al., 2006), but this function might be very limited. Expression of AtTPS2 and AtTPS4 is restricted to seed endosperm and the proteins are localized in the cytoplasm (Vandesteene et al., 2010). AtTPS3 is thought to be a pseudogene because it contains premature stopcodons (Schluepmann et al., 2012; Vandesteene et al., 2010).  Stopcodons were also found in AtTPS2 from natural variants of A. thaliana (Schluepmann et al., 2012). Possible non-functionality is furthermore supported by the fact that the ratio of non-synonymous to synonymous SNPs in these natural variants is highest for AtTPS3 and AtTPS2 compared with all 22 genes involved in A. thaliana  trehalose biosynthesis or breakdown. 

Class II TPS proteins are likely functional, as transcription levels of many Class II TPS proteins are regulated by hormones, light and nutrient availability (Ramon et al., 2009). Expression patterns of Class II TPS proteins are both overlapping and, especially in meristematic zones, cell-type specific. It was therefore suggested that TPS Class II proteins monitor T6P level and induce tissue-specific responses. Carbon availability seems not important for AtTPS6 and AtTPS7 

expression levels but expression of AtTPS5 and AtTPS8-11 is regulated oppositely in response to sucrose level and carbon starvation. AtTPS5 is induced by sucrose while transcription of AtTPS8-11 is stimulated upon carbon starvation. Regulation of AtTPS8-11 likely involves the SnRK1 complex, as overexpression of AKIN10 increases their expression level and activity of the SnRK1 complex is induced by carbon starvation as well (Baena-Gonzalez et al., 2007). Expression regulation of AtTPS8-11 is very similar and AtTPS8-11 are, except for AtTPS11, also most closely related in a phylogenetic tree of all AtTPS proteins (Ramon et al., 2009). Therefore AtTPS8-11 are thought to exhibit a similar function. 

AtTPS5-11 are also regulated on translational and post-translational level. Translation is likely, just like transcription, stress regulated as under a hypoxic condition the abundance of AtTPS8 mRNAs associated with ribosomes was higher than under non-stress conditions (Schluepmann et al., 2012). AtTPS8-11 and AtTPS6 contain recognition motifs for phosphorylation by SnRK1 and peptides with these sequences are phosphorylated in vitro (Glinski & Weckwerth, 2005). AtTPS8-11 peptides are likely phosphorylated by SnRK1 while an AtTPS6 peptide might be phosphorylated by another kinase. AtTPS5-7 bind to 14-3-3 proteins, which probably has an inhibiting function (Harthill et al., 2006a). For TPS5 this binding was shown to be dependent on phosphorylation by SnRK1. SnRK1 seems therefore involved both in transcriptional regulation and phosphorylation of TPS proteins. Upregulation of AtTPS8-11 by SnRK1 might be accompanied by activating or inhibiting phosphorylation of AtTPS8-11 proteins, while phosphorylation of AtTPS5 and possibly AtTPS6-7 could inhibit their function via binding of 14-3-3 proteins.

All Class III TPP proteins from A .thaliana show phosphatase activity, so they are likely important regulators of T6P level. Expression of the 10 Class III TPP proteins in A. thaliana is cell- and tissue-specific to a larger extent than class II TPS genes, but there is also overlap between expression profiles (Vandesteene et al., 2012). Expression profiles of some Class II TPS and Class III TPP genes show also overlap, but in general similarity between their expression patterns is limited. TPP expression and translation is regulated by several environmental conditions (Schluepmann et al., 2012; Vandesteene et al., 2012). Coexpression data indicate that TPPs are involved in different processes as they are all members of different coexpression networks (Li et al., 2008). 





The TPS/TPP pathway is involved in regulating different processes. Yeast TPS1 mutants are unable to grow on glucose. In plants abnormal T6P levels induce pleiotropic effects, including starch accumulation, embryo lethality, changes in photosynthetic activity and biomass production and altered inflorescences (Paul et al., 2008). Of particular interest are the interaction of T6P with hexokinases and the SnRK1 complex, as well as regulation of G6P and NADPH level by the trehalose biosynthesis pathway. 

Yeast TPS1 mutants cannot grow on glucose and other rapidly fermented sugars (Bonini et al., 2003). Glucose feeding of TPS1 mutants growing on a non-fermentable sugar induces accumulation of sugar phosphate intermediates that are produced in the first glycolysis steps while ATP and inorganic phosphate levels are reduced. Besides a possible direct regulation of glycolysis by TPS1 and/or a role for the trehalose biosynthesis pathway in inorganic phosphate level recovery needed for glycolysis, this phenotype could possibly also be ascribed to inhibition of HXK2 by T6P (Figure 14) (Paul et al., 2008). HXK2 phosphorylation of glucose resulting in G6P is the first step of glycolysis. In S. cerevisiae, T6P inhibits HXK2 activity and impaired T6P synthesis in TPS1 mutants might deregulate glycolysis influx. TPS1 mutants with HXK from S. pombe, which is insensitive to T6P inhibition, also show impaired growth on glucose and a misregulated glycolysis influx (Bonini et al., 2003). Therefore T6P inhibition of HXK2 is not the major mechanism by which glucose influx into glycolysis and growth on glucose are regulated in yeast.

Besides a direct control of G6P level via inhibition of HXK2 activity by T6P in yeast, the TPS/TPP pathway might also control glycolysis influx indirectly. In M. oryzae as well as in plants, T6P inhibition of HXK2 is absent (Paul et al., 2008, Schluepmann et al., 2012). But in M. oryzae, the balance between G6P and NADPH level seems to be regulated by TPS1 via G6P-dehydrogenase (G6PDH) activity (Figure 14). Conversion of G6P by G6PDH generates NADPH. G6PDH activity and NADPH level are reduced in M. oryzae tps1Δ mutants and high levels of NADPH compete with G6P for binding to TPS1 (Wilson et al., 2007; Wilson et al., 2010). This suggests a feedback loop in which high G6PDH activity and NADPH level are counteracted by inhibition of G6P binding to TPS1. NADPH binding to TPS1 might besides decreasing G6PDH activity also reduce T6P generation. The rate of G6P conversion into T6P by TPS1 and the amount of G6P used to generate NADPH by G6PDH possibly influence glycolysis influx. Inactivity of G6PDH in A. thaliana TPS1 mutant embryos versus very active G6PDH in wild type embryos of the same age suggests that in plants TPS1 also regulates G6PDH activity (Schluepmann et al., 2012). There is no evidence yet that NADPH binds TPS1 in plants. But increased T6P levels are found in combination with decreased G6P levels and vice versa, suggesting interference of the TPS/TPP pathway with G6P level. As G6P level is influenced both by decreased TPS and by increased TPP activity (Schluepmann et al., 2003), possible G6P level control by NADPH inhibition of TPS1 is likely not the only possible mechanism that causes anticorrelation between T6P and G6P level. 

The feedback of NADPH level on G6P binding to TPS1 shown for M. oryzae together with T6P inhibition of SnRK1 in plants might indicate that T6P level can form a switch between anabolic and catabolic processes. TPS1 converts G6P to T6P which inhibits SnRK1 and thereby prevents stimulation of catabolic processes.  Via G6PDH activity, TPS1 also upregulates NADPH level which is required for biosynthesis. If NADPH level is sufficient large, G6P binding to TPS1 is inhibited, which will likely reduce T6P level, enable SnRK1 activity and stimulate catabolic processes. It is not clear how G6PDH activity is regulated by TPS1 in M. oryzae. As both TPS1 and the M. oryzae SnRK1 homolog SNF1 regulate fungal virulence (Wilson et al., 2007; Yi et al., 2008), they are possibly involved in the same pathway. If SNF1 inhibits G6PDH activity, the decrease of G6PDH activity in M. oryzae tps1Δ might be caused by lack of SNF1 inhibition due to absence of T6P production (Figure 14). This would correspond with the role of SNF1/AMPK/SnRK1 in inhibition of anabolic processes. However, both T6P inhibition of SNF1 and SNF1 inhibition of G6PDH activity remain to be shown. In S. cerevisiae, inhibition of SNF1 by T6P seems absent (Zhang et al., 2009).

The exact nature of the relationship between T6P and SnRK1 is not established yet.  Interaction of T6P was suggested to be non-competitive with ATP binding (Zhang et al., 2009). G6P, which is structurally very similar to T6P, also inhibits SnRK1 but requires much higher levels for the same degree of inhibition. Very recently also glucose 1-phosphate (G1P) was found to inhibit SnRK1 with a strength intermediate to T6P and G6P (Nunes et al.). G1P is the substrate of ADP-glucose 
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Figure 14. Overview of the role of TPS1 and T6P in the regulation glucose 6-phosphate (G6P) level. G6P is used to generate ATP by glycolysis but is also required to generate NADPH by glucose 6-phosphate dehydrogenase (G6PDH). In M. oryzae, deletion of TPS1 decreases G6PDH activity and NADPH level. It is not clear how TPS1 regulates G6PDH, but this might involve inhibition of SnRK1 by T6P, which has been shown for A. thaliana but is absent in S. cerevisiae, and inhibition of G6PDH by SnRK1 which remains to be shown. In M. oryzae NADPH competes with G6P for binding to TPS1 and this likely regulates G6P level. G6P level is regulated in S. cerevsiae through inhibition of HXK, which converts glucose into G6P, by T6P.  

pyrophosphorylase (AGPase), the most important enzyme in starch synthesis (Paul et al., 2008; Nunes et al.).   T6P, G1P and T6P are all separately able to inhibit SnRK1, but G1P and T6P work also synergistically.  An unknown factor I seems indispensable for inhibition of SnRK1 activity by T6P, G6P and G1P. This factor, which is probably a protein, is absent in mature leaves and might be missing in other tissues as well. The presence or absence of factor I could, together with tissue- and developmental stage specific subcellular localization of SnRK1 subunits determine in which tissues T6P, G1P and G6P are able to inhibit SnRK1.

SnRK1 activity can possibly explain the similar phenotypes of decreased and increased T6P level in plants (Schluepmann et al., 2012). A. thaliana TSPS1 mutants are embryonic lethal, while, similar to yeast, reduced levels of T6P induce growth inhibition and accumulation of respiratory intermediates like G6P upon sugar supply. Growth inhibition due to decreased T6P levels likely reflects relieved inhibition of SnRK1. Increased T6P levels induce growth inhibition in shoot and root tip, as well as starch accumulation in cotyledons. Growth inhibition in expanding sink tissues was not due to increased starch accumulation in source tissue. Overexpression of AKIN10, a SnRK1 α-subunit, did however counteract growth inhibition that is found due to increased T6P levels upon trehalose feeding. A subset of SnRK1 targets was repressed upon trehalose feeding, and these targets are common to SnRK1 and bZIP11. Overexpression of bZIP11 counteracted growth inhibition upon trehalose feeding as well. Therefore repression of SnRK1 by increased T6P levels seems responsible for growth inhibition via decreased bZIP11 activity. Repression of SnRK1 by increased T6P levels leaves the plant with inaccurate information about its actual energy status, and unstrained growth might soon induce carbon shortage inducing growth inhibition. As root and shoot tip are expanding sink tissues they might require most carbon while they are unlike source tissue unable to generate it themselves by photosynthesis. Therefore growth inhibition due to increased T6P level might be found especially in root and shoot tip. 














SNF1/AMPK/SnRK1 kinase complexes are intensely studied in recent years, which is illustrated by the publication of around a thousand papers per year about AMPK and its orthologs at this moment (Hardie et al., 2012). Here some of the interesting open questions that remain about the function and evolution of both SNF1/AMPK/SnRK1 and T6P will be pointed out.

The interactions between the three subunits of SNF1/AMPK/SnRK1 complexes are not completely conserved. α- and β-subunits  of SNF1 and SnRK1 interact via the β-SID of α-subunits and the KIS domain of β-subunits, while AMPK uses the ASC domain of β-subunits. It would be interesting to find out how these different interactions are related to the sequences and structure of the interacting domains and whether another function of the KIS domain of AMPK and interaction of KIS domain and α-subunit are mutually exclusive. Because the GBD domain, which largely overlaps with the KIS domain, binds glycogen both in yeast and in mammals, carbohydrate binding and α-subunit binding are not mutually exclusive functions of the KIS/GBD.  If the sequence of the KIS domain and ASC domain are indicative for which domain is likely to interact with α-subunits, it could be attempted to trace the origin of the different interactions.  

Interactions between different domains of SNF1/AMPK/SnRK1 subunits are important for inhibition and activation of the kinase complex. In S. pombe the AID of the α-subunit restricts KD activity and this is released upon AMP binding to CBS1 of the γ-subunit. In mammals AMP binding to CBS1 induces allosteric activation of AMPK. It is not clear whether allosteric activation of AMPK is equivalent to the AMP dependent release of inhibition of S. pombe SNF1. Allosteric activation of SNF1/SnRK1 by AMP is not found in S. cerevisiae and plants. Deletion of the mammalian AID increases AMPK activity. However, the sequence of the AID is poorly conserved and crystal structures show an ordered S. pombe AID and an unordered mammalian AID. This raises the question how the mammalian AID inhibits AMPK activity. Crystal structures of SnRK1 are not available yet but could reveal if autoinhibition is likely to occur in SnRK1 and whether it resembles yeast or mammalian autoinhibition. 

Activation of AMPK via AMP/ADP-dependent stimulation of α-Thr172 phosphorylation possibly works also via the AID. This AMPK activation mechanism requires myristoylation of the β-subunit, which likely keeps AMPK inactive as long as the myristoyl group is bound to an intramolecular binding pocket near the AID. The myristoyl group is however also involved in subcellular localization and seems required for membrane attachment. It would be interesting to know how these functions work together. It raises for example the question whether membrane-bound β-subunits are part of more active AMPK complexes, as their myristoyl group might be not available for inhibition. In yeast and plants not all β-subunits are myristoylated. Although myristoylation-dependent regulation of activation of SNF1 or SnRK1 is not shown, these β-subunits might participate in complexes that are more active or which activity is regulated in a different way. Study of the evolutionary history of β-subunit myristoylation might increase our understanding of its function. 

The only role for AMP in regulation of SnRK1 that is found so far is prevention of dephosphorylation of the conserved threonine in the activation loop of the KD. Whether this requires adenosine nucleotide binding to CBS domains of the γ-subunit and how they might regulate SnRK1 activity is not yet studied. Study of the sequences of CBS domains of SNF1 and AMPK and homology modelling might increase insighst in possible binding of adenosine nucleotides to SnRK1, but experimental evidence is also highly required. If sequence information is able to predict nucleotide binding, comparison of CBS domains might be interesting to trace the evolutionary history of regulation of SNF1/AMPK/SnRK1 by AMP and ADP. CBS domains are possibly not only involved in binding AMP or ADP. AMPKγ CBS2 contains a conserved possible pseudosubstrate sequence that resembles substrate recognition sequences of proteins phosphorylated by AMPK. Surprisingly a pseudosubstrate sequence is also present in PV42/BsnIP1 putative γ-subunits. If these sequences indeed have an inhibitory function, they might help in the identification of possible additional negative regulators of SNF/AMPK/SnRK1.

In plants, special variants of β- and γ-subunits are present, AKINβ3 and AKINβγ. AKINβ3 lacks a KIS/GBD domain, while AKINβγ is a γ-subunit with an additional KIS/GBD domain. It would be interesting to trace the evolutionary history of these subunits to find out where and how they originated and whether they are indeed plant-specific. It might be valuable to study the evolutionary history of all SNF1/AMPK/SnRK1 subunits, because most studies on its evolution are relatively old or use a limited number and distribution of species. Because the upstream kinases of SNF1/AMPK/SnRK1 are related to SNF1/AMPK/SnRK1 α-subunits, their evolutionary relationship with SNF1/AMPK/SnRK1 α-subunits might be of interest as well.  It is furthermore intriguing that in plants multiple SnRK kinases are present. It is possible that part of the functions of SNF1/AMPK in plants is carried out by other SnRK kinases than SnRK1. These kinases, which are involved in stress and asbscicic acid signalling, might however also have obtained plant-specific functions. The supposed plant-specific SNRK1 subunits, which function still needs to be elucidated, might be associated with plant-specific regulation of metabolism as well. 

Another feature of SnRK1 which is possibly plant-specific is the inhibition of SnRK1 by T6P. Up until now inhibition of SnRK1 by T6P is not found in heterotrophs. The precise regulation of SnRK1 inhibition by T6P is still enigmatic, as an unknown protein I is required for inhibition. When the identity of this protein is discovered, it will be interesting to find out whether this protein is plant-specific, and if not, if it also is involved in inhibition of SNF1 and AMPK.  It is not known yet whether plant GBD domains are able to bind starch, although there are indications that the GBD domain of AKINβγ binds starch or other carbohydrates. Possibly this domain is involved in the inhibition by T6P, which is also a carbohydrate. 

Inhibition of SnRK1 by T6P might be not plant-specific. If that is the case, the regulation of G6PDH activity and NADPH generation by TPS1 in M. oryzae could be mediated by SNF1. This would require inhibition of G6PDH by SNF1, possibly via phosphorylation. The downstream targets of SNF1/AMPK/SnRK1 are best studied in mammals, as many targets that are directly phosphorylated by AMPK are known. The sequence that is required for phosphorylation is well defined and plant homologs of AMPK and SNF1 targets could be inspected on presence of this sequence to expand the number of possible SnRK1 targets. This could for example indicate whether SnRK1, like AMPK, is involved in direct regulation of circadian rhythms. Interestingly, the N-terminal part of the β-subunit seems to mediate which subset of targets is bound by which β-subunit. Maybe the sequence of the N-terminus and the sequence of target proteins can reveal how this specificity is obtained. 

SnRK1 and T6P are both involved in regulating starch synthesis. The apparent contradiction between the inhibition of SnRK1 by T6P and the requirement of both SnRK1 and T6P for starch synthesis asks for tissue-specific study of subcellular localization of SnRK1 subunits and T6P. It is possible that  the interaction between SnRK1 and T6P is different in source and sink tissue as for example in mature leaves factor I is absent and T6P does not inhibit SnRK1. Furthermore transcriptional regulation of different SnRK1 subunits as well as trehalose biosynthesis pathway proteins with an unknown but possibly regulatory function might shape the interaction between SnRK1 complexes and T6P. Subcellular localization of these TPS/TPP proteins could also contribute to regulation of the interaction between T6P and SnRK1. The study of presence or absence of sequences involved in subcellular localization, for example nuclear export signals (NESs) or nuclear localization signals (NLSs) could help, but the localization of a complex like SnRK1 might be regulated different from that of the separate subunits.

Transcriptional regulation of  SnRK1 β-subunits, Class II TPS proteins and Class III TPP proteins is tissue-specific and responds to different stresses. The promoters of SnRK1 β-subunits contain various regulatory elements that are stress-related. A search for regulatory elements in Class II TPS and Class III TPP proteins might reveal how these proteins are regulated upon stress. Coexpression data showed that all Class III TPP proteins seem to have a different function because they are members of different coexpression networks. It would be interesting to study tissue-specific coexpression of SnRk1 β-subunits and TPS/TPP proteins to find out how regulation of SnRK1 and TPS/TPP proteins is related. Study of tissue-specific coregulation networks of SnRK1 and TPS/TPP proteins in multiple organisms in combination with their evolutionary history as deduced from phylogenetic trees and synteny studies might show how function differentiation evolved. 


























AVONCE, N., MENDOZA-VARGAS, A., MORETT, E. and ITURRIAGA, G., 2006. Insights on the 	evolution of trehalose biosynthesis. BMC evolutionary biology, 6, pp. 109.
AVONCE, N., WUYTS, J., VERSCHOOTEN, K., VANDESTEENE, L. and VAN DIJCK, P., 2010. The 	Cytophaga hutchinsonii ChTPSP: First characterized bifunctional TPS-TPP protein as putative 	ancestor of all eukaryotic trehalose biosynthesis proteins. Molecular biology and evolution, 	27(2), pp. 359-369.
BAENA-GONZALEZ, E., ROLLAND, F., THEVELEIN, J.M. and SHEEN, J., 2007. A central integrator of 	transcription networks in plant stress and energy signalling. Nature, 448(7156), pp. 938-	942.
BAENA-GONZALEZ, E. and SHEEN, J., 2008. Convergent energy and stress signaling. Trends in plant 	science, 13(9), pp. 474-482.
BELL, W., SUN, W., HOHMANN, S., WERA, S., REINDERS, A., DE VIRGILIO, C., WIEMKEN, A. and 
	THEVELEIN, J.M., 1998. Composition and functional analysis of the Saccharomyces 	cerevisiae trehalose synthase complex. The Journal of biological chemistry, 273(50), pp. 	33311-33319.
BITRIAN, M., ROODBARKELARI, F., HORVATH, M. and KONCZ, C., 2011. BAC-recombineering for 	studying plant gene regulation: developmental control and cellular localization of SnRK1 	kinase subunits. The Plant Journal : for cell and molecular biology, 65(5), pp. 829-842.
BLAZQUEZ, M.A., SANTOS, E., FLORES, C.L., MARTINEZ-ZAPATER, J.M., SALINAS, J. and GANCEDO, 	C., 1998. Isolation and molecular characterization of the Arabidopsis TPS1 gene, encoding 	trehalose-6-phosphate synthase. The Plant Journal : for cell and molecular biology, 13(5), 	pp. 685-689.
BONINI, B.M., VAN DIJCK, P. and THEVELEIN, J.M., 2003. Uncoupling of the glucose growth defect 	and the deregulation of glycolysis in Saccharomyces cerevisiae Tps1 mutants expressing 	trehalose-6-phosphate-insensitive hexokinase from Schizosaccharomyces pombe. 	Biochimica et biophysica acta, 1606(1-3), pp. 83-93.
BOULY, J.P., GISSOT, L., LESSARD, P., KREIS, M. and THOMAS, M., 1999. Arabidopsis thaliana proteins 
	related to the yeast SIP and SNF4 interact with AKINalpha1, an SNF1-like protein kinase. 	The Plant Journal : for cell and molecular biology, 18(5), pp. 541-550.
CHEN, L., JIAO, Z.H., ZHENG, L.S., ZHANG, Y.Y., XIE, S.T., WANG, Z.X. and WU, J.W., 2009. Structural 	insight into the autoinhibition mechanism of AMP-activated protein kinase. Nature, 	459(7250), pp. 1146-1149.
CHEUNG, P.C., SALT, I.P., DAVIES, S.P., HARDIE, D.G. and CARLING, D., 2000. Characterization of 	AMP-activated protein kinase gamma-subunit isoforms and their role in AMP binding. The 	Biochemical journal, 346 Pt 3, pp. 659-669.
CROZET, P., JAMMES, F., VALOT, B., AMBARD-BRETTEVILLE, F., NESSLER, S., HODGES, M., VIDAL, J. 	and THOMAS, M., 2010. Cross-phosphorylation between Arabidopsis thaliana sucrose 	nonfermenting 1-related protein kinase 1 (AtSnRK1) and its activating kinase (AtSnAK) 	determines their catalytic activities. The Journal of biological chemistry, 285(16), pp. 12071-	12077.
ELBEIN, A.D., PAN, Y.T., PASTUSZAK, I. and CARROLL, D., 2003. New insights on trehalose: a 	multifunctional molecule. Glycobiology, 13(4), pp. 17R-27R.
FANG, L., HOU, X., LEE, L.Y., LIU, L., YAN, X. and YU, H., 2011. AtPV42a and AtPV42b redundantly 	regulate reproductive development in Arabidopsis thaliana. PloS one, 6(4), pp. E19033.
FRAGOSO, S., ESPINDOLA, L., PAEZ-VALENCIA, J., GAMBOA, A., CAMACHO, Y., MARTINEZ-BARAJAS, 	E. and COELLO, P., 2009. SnRK1 isoforms AKIN10 and AKIN11 are differentially regulated in 	Arabidopsis plants under phosphate starvation. Plant Physiology, 149(4), pp. 1906-1916.
FRANCIS, S.H., POTEET-SMITH, C., BUSCH, J.L., RICHIE-JANNETTA, R. and CORBIN, J.D., 2002. 	Mechanisms of autoinhibition in cyclic nucleotide-dependent protein kinases. Frontiers in 	bioscience : a journal and virtual library, 7, pp. D580-92.
GHILLEBERT, R., SWINNEN, E., WEN, J., VANDESTEENE, L., RAMON, M., NORGA, K., ROLLAND, F. and 	WINDERICKX, J., 2011. The AMPK/SNF1/SnRK1 fuel gauge and energy regulator: structure, 	function and regulation. The FEBS journal, 278(21), pp. 3978-3990.
GISSOT, L., POLGE, C., BOULY, J.P., LEMAITRE, T., KREIS, M. and THOMAS, M., 2004. AKINbeta3, a 	plant specific SnRK1 protein, is lacking domains present in yeast and mammals non-
	catalytic beta-subunits. Plant Molecular Biology, 56(5), pp. 747-759.
GISSOT, L., POLGE, C., JOSSIER, M., GIRIN, T., BOULY, J.P., KREIS, M. and THOMAS, M., 2006. 	AKINbetagamma contributes to SnRK1 heterotrimeric complexes and interacts with two 	proteins implicated in plant pathogen resistance through its KIS/GBD sequence. Plant 	Physiology, 142(3), pp. 931-944.
GLINSKI, M. and WECKWERTH, W., 2005. Differential multisite phosphorylation of the trehalose-6-	phosphate synthase gene family in Arabidopsis thaliana: a mass spectrometry-based 	process for multiparallel peptide library phosphorylation analysis. Molecular & cellular 	proteomics : MCP, 4(10), pp. 1614-1625.
GOMEZ-GARCIA, I., OYENARTE, I. and MARTINEZ-CRUZ, L.A., 2010. The crystal structure of protein 	MJ1225 from Methanocaldococcus jannaschii shows strong conservation of key structural 	features seen in the eukaryal gamma-AMPK. Journal of Molecular Biology, 399(1), pp. 53-	70.
HALFORD, N.G., HEY, S., JHURREEA, D., LAURIE, S., MCKIBBIN, R.S., ZHANG, Y. and PAUL, M.J., 2004. 	Highly conserved protein kinases involved in the regulation of carbon and amino acid 	metabolism. Journal of experimental botany, 55(394), pp. 35-42.
HALFORD, N.G. and HEY, S.J., 2009. Snf1-related protein kinases (SnRKs) act within an intricate 	network that links metabolic and stress signalling in plants. The Biochemical journal, 419(2), 	pp. 247-259.
HARDIE, D.G., 2011a. AMP-activated protein kinase: an energy sensor that regulates all aspects of 	cell function. Genes & development, 25(18), pp. 1895-1908.
HARDIE, D.G., 2011b. Signal transduction: How cells sense energy. Nature, 472(7342), pp. 176-177.
HARDIE, D.G., ROSS, F.A. and HAWLEY, S.A., 2012. AMPK: a nutrient and energy sensor that 	maintains energy homeostasis. Nature reviews.Molecular cell biology, 13(4), pp. 251-262.
HARDIE, D.G., SCOTT, J.W., PAN, D.A. and HUDSON, E.R., 2003. Management of cellular energy by 	the AMP-activated protein kinase system. FEBS letters, 546(1), pp. 113-120.
HARTHILL, J.E., MEEK, S.E., MORRICE, N., PEGGIE, M.W., BORCH, J., WONG, B.H. and MACKINTOSH, 	C., 2006a. Phosphorylation and 14-3-3 binding of Arabidopsis trehalose-phosphate syntha	e 5 in response to 2-deoxyglucose. The Plant Journal : for cell and molecular biology, 47(2), 	p. 211-223.
HARTHILL, J.E., MEEK, S.E., MORRICE, N., PEGGIE, M.W., BORCH, J., WONG, B.H. and MACKINTOSH, 
	C., 2006b. Phosphorylation and 14-3-3 binding of Arabidopsis trehalose-phosphate 	synthase 5 in response to 2-deoxyglucose. The Plant Journal : for cell and molecular biology, 	47(2), pp. 211-223.
HEDBACKER, K. and CARLSON, M., 2008. SNF1/AMPK pathways in yeast. Frontiers in bioscience : a 	journal and virtual library, 13, pp. 2408-2420.
HUMMEL, M., RAHMANI, F., SMEEKENS, S. and HANSON, J., 2009. Sucrose-mediated translational 	control. Annals of botany, 104(1), pp. 1-7.
JIANG, R. and CARLSON, M., 1996. Glucose regulates protein interactions within the yeast SNF1 	protein kinase complex. Genes & development, 10(24), pp. 3105-3115.

KARVE, A., RAUH, B.L., XIA, X., KANDASAMY, M., MEAGHER, R.B., SHEEN, J. and MOORE, B.D., 2008. 	Expression and evolutionary features of the hexokinase gene family in Arabidopsis. Planta, 	228(3), pp. 411-425.
KAZGAN, N., WILLIAMS, T., FORSBERG, L.J. and BRENMAN, J.E., 2010. Identification of a nuclear 	export signal in the catalytic subunit of AMP-activated protein kinase. Molecular biology of 	the cell, 21(19), pp. 3433-3442.
KODIHA, M., RASSI, J.G., BROWN, C.M. and STOCHAJ, U., 2007. Localization of AMP kinase is 	regulated by stress, cell density, and signaling through the MEK-->ERK1/2 pathway. 	American journal of physiology.Cell physiology, 293(5), pp. C1427-36.
KOLBE, A., TIESSEN, A., SCHLUEPMANN, H., PAUL, M., ULRICH, S. and GEIGENBERGER, P., 2005. 	Trehalose 6-phosphate regulates starch synthesis via posttranslational redox activation of 	ADP-glucose pyrophosphorylase. Proceedings of the National Academy of Sciences of the 	United States of America, 102(31), pp. 11118-11123.
LEYMAN, B., VAN DIJCK, P. and THEVELEIN, J.M., 2001. An unexpected plethora of trehalose 	biosynthesis genes in Arabidopsis thaliana. Trends in plant science, 6(11), pp. 510-513.
LI, P., MA, S. and BOHNERT, H.J., 2008. Coexpression characteristics of trehalose-6-phosphate 	phosphatase subfamily genes reveal different functions in a network context. Physiologia 	Plantarum, 133(3), pp. 544-556.
LIU, Y., XU, X. and CARLSON, M., 2011. Interaction of SNF1 protein kinase with its activating kinase 	Sak1. Eukaryotic cell, 10(3), pp. 313-319.
LOPEZ-PAZ, C., VILELA, B., RIERA, M., PAGES, M. and LUMBRERAS, V., 2009. Maize AKINbetagamma 	dimerizes through the KIS/CBM domain and assembles into SnRK1 complexes. FEBS letters, 	583(12), pp. 1887-1894.
LUMBRERAS, V., ALBA, M.M., KLEINOW, T., KONCZ, C. and PAGES, M., 2001. Domain fusion 	between SNF1-related kinase subunits during plant evolution. EMBO reports, 2(1), pp. 55-	60.
LUNN, J.E., 2007. Gene families and evolution of trehalose metabolism in plants. Functional Plant 	Biology, 34(6), pp. 550-563.
MANGAT, S., CHANDRASHEKARAPPA, D., MCCARTNEY, R.R., ELBING, K. and SCHMIDT, M.C., 2010. 	Differential roles of the glycogen-binding domains of beta subunits in regulation of the Snf1 	kinase complex. Eukaryotic cell, 9(1), pp. 173-183.
MATSCHINSKY, F.M., 2009. Assessing the potential of glucokinase activators in diabetes therapy. 	Nature reviews.Drug discovery, 8(5), pp. 399-416.
MCBRIDE, A., GHILAGABER, S., NIKOLAEV, A. and HARDIE, D.G., 2009. The glycogen-binding 
domain 	on the AMPK beta subunit allows the kinase to act as a glycogen sensor. Cell metabolism, 	9(1), pp. 23-34.
MCGEE, S.L., HOWLETT, K.F., STARKIE, R.L., CAMERON-SMITH, D., KEMP, B.E. and HARGREAVES, M., 	2003. Exercise increases nuclear AMPK alpha2 in human skeletal muscle. Diabetes, 52(4), 	pp. 926-928.
MITCHELHILL, K.I., MICHELL, B.J., HOUSE, C.M., STAPLETON, D., DYCK, J., GAMBLE, J., ULLRICH, C., 	WITTERS, L.A. and KEMP, B.E., 1997. Posttranslational modifications of the 5'-AMP-	activated protein kinase beta1 subunit. The Journal of biological chemistry, 272(39), pp. 	24475-24479.
MOORE, B., ZHOU, L., ROLLAND, F., HALL, Q., CHENG, W.H., LIU, Y.X., HWANG, I., JONES, T. and 	SHEEN, J., 2003. Role of the Arabidopsis glucose sensor HXK1 in nutrient, light, and 	
	hormonal signaling. Science (New York, N.Y.), 300(5617), pp. 332-336.
NUNES, C., PRIMAVESI, L.F., PATEL, M.K., MARTINEZ-BARAJAS, E., POWERS, S.J., SAGAR, R., 	FEVEREIRO, P.S., DAVIS, B.G. and PAUL, M.J., Inhibition of SnRK1 by metabolites: Tissue-	dependent effects and cooperative inhibition by glucose 1-phosphate in combination with 	trehalose 6-phosphate. Plant Physiology and Biochemistry, (0),.
OAKHILL, J.S., CHEN, Z.P., SCOTT, J.W., STEEL, R., CASTELLI, L.A., LING, N., MACAULAY, S.L. and KEMP, 	B.E., 2010. beta-Subunit myristoylation is the gatekeeper for initiating metabolic stress 	sensing by AMP-activated protein kinase (AMPK). Proceedings of the National Academy of 	Sciences of the United States of America, 107(45), pp. 19237-19241.
OAKHILL, J.S., SCOTT, J.W. and KEMP, B.E., 2012. AMPK functions as an adenylate charge-regulated 	protein kinase. Trends in endocrinology and metabolism: TEM, 23(3), pp. 125-132.
OAKHILL, J.S., STEEL, R., CHEN, Z.P., SCOTT, J.W., LING, N., TAM, S. and KEMP, B.E., 2011. AMPK is a 	direct adenylate charge-regulated protein kinase. Science (New York, N.Y.), 332(6036), pp. 	1433-1435.
PAUL, M.J., JHURREEA, D., ZHANG, Y., PRIMAVESI, L.F., DELATTE, T., SCHLUEPMANN, H. and 	WINGLER, A., 2010. Upregulation of biosynthetic processes associated with growth by 	trehalose 6-phosphate. Plant signaling & behavior, 5(4), pp. 386-392.
PAUL, M.J., PRIMAVESI, L.F., JHURREEA, D. and ZHANG, Y., 2008. Trehalose metabolism and 	signaling. Annual review of plant biology, 59, pp. 417-441.
PIERRE, M., TRAVERSO, J.A., BOISSON, B., DOMENICHINI, S., BOUCHEZ, D., GIGLIONE, C. and 	MEINNEL, T., 2007. N-myristoylation regulates the SnRK1 pathway in Arabidopsis. The Plant 	Cell, 19(9), pp. 2804-2821.
POLGE, C., JOSSIER, M., CROZET, P., GISSOT, L. and THOMAS, M., 2008. Beta-subunits of the SnRK1 	complexes share a common ancestral function together with expression and function 	specificities; physical interaction with nitrate reductase specifically occurs via AKINbeta1-	subunit. Plant Physiology, 148(3), pp. 1570-1582.
POLGE, C. and THOMAS, M., 2007. SNF1/AMPK/SnRK1 kinases, global regulators at the heart of 	energy control? Trends in plant science, 12(1), pp. 20-28.
RAMON, M., DE SMET, I., VANDESTEENE, L., NAUDTS, M., LEYMAN, B., VAN DIJCK, P., ROLLAND, F., 	BEECKMAN, T. and THEVELEIN, J.M., 2009. Extensive expression regulation and lack of 	heterologous enzymatic activity of the Class II trehalose metabolism proteins from 	Arabidopsis thaliana. Plant, Cell & Environment, 32(8), pp. 1015-1032.
RAMON, M., ROLLAND, F. and SHEEN, J., 2008. Sugar sensing and signaling. The Arabidopsis book / 	American Society of Plant Biologists, 6, pp. E0117.
ROLLAND, F., BAENA-GONZALEZ, E. and SHEEN, J., 2006. Sugar sensing and signaling in plants: 	conserved and novel mechanisms. Annual review of plant biology, 57, pp. 675-709.
RUDOLPH, M.J., AMODEO, G.A. and TONG, L., 2010. An inhibited conformation for the protein 	kinase domain of the Saccharomyces cerevisiae AMPK homolog Snf1. Acta 	crystallographica.Section F, Structural biology and crystallization communications, 66(Pt 9), 	pp. 999-1002.
RUTTER, G.A., DA SILVA XAVIER, G. and LECLERC, I., 2003. Roles of 5'-AMP-activated protein kinase 	(AMPK) in mammalian glucose homoeostasis. The Biochemical journal, 375(Pt 1), pp. 1-16.
SCHLUEPMANN, H., BERKE, L. and SANCHEZ-PEREZ, G.F., 2012. Metabolism control over growth: a 	case for trehalose-6-phosphate in plants. Journal of experimental botany, 63(9), pp. 3379-	3390.
SCHLUEPMANN, H., PELLNY, T., VAN DIJKEN, A., SMEEKENS, S. and PAUL, M., 2003. Trehalose 6-	phosphate is indispensable for carbohydrate utilization and growth in Arabidopsis thaliana. 	Proceedings of the National Academy of Sciences of the United States of America, 100(11), 	pp. 6849-6854.
SCHLUEPMANN, H. and PAUL, M., 2009. Trehalose Metabolites in Arabidopsis-elusive, active and 	central. The Arabidopsis book / American Society of Plant Biologists, 7, pp. e0122
SCHLUEPMANN, H., VAN DIJKEN, A., AGHDASI, M., WOBBES, B., PAUL, M. and SMEEKENS, S., 2004. 	Trehalose mediated growth inhibition of Arabidopsis seedlings is due to trehalose-6-	phosphate accumulation. Plant Physiology, 135(2), pp. 879-890.
SCOTT, J.W., ROSS, F.A., LIU, J.K. and HARDIE, D.G., 2007. Regulation of AMP-activated protein 	kinase by a pseudosubstrate sequence on the gamma subunit. The EMBO journal, 26(3), pp. 	806-815.
SHEN, W. and HANLEY-BOWDOIN, L., 2006. Geminivirus infection up-regulates the expression of 	two Arabidopsis protein kinases related to yeast SNF1- and mammalian AMPK-activating 	kinases. Plant Physiology, 142(4), pp. 1642-1655.
SLOCOMBE, S.P., LAURIE, S., BERTINI, L., BEAUDOIN, F., DICKINSON, J.R. and HALFORD, N.G., 2002. 	Identification of SnIP1, a novel protein that interacts with SNF1-related protein kinase 	(SnRK1). Plant Molecular Biology, 49(1), pp. 31-44.
SMEEKENS, S., MA, J., HANSON, J. and ROLLAND, F., 2010. Sugar signals and molecular networks 	controlling plant growth. Current opinion in plant biology, 13(3), pp. 274-279.
STAPLETON, D., MITCHELHILL, K.I., GAO, G., WIDMER, J., MICHELL, B.J., TEH, T., HOUSE, C.M., 	FERNANDEZ, C.S., COX, T., WITTERS, L.A. and KEMP, B.E., 1996. Mammalian AMP-activated 	protein kinase subfamily. The Journal of biological chemistry, 271(2), pp. 611-614.
SUGDEN, C., CRAWFORD, R.M., HALFORD, N.G. and HARDIE, D.G., 1999. Regulation of spinach 	SNF1-related (SnRK1) kinases by protein kinases and phosphatases is associated with 
	phosphorylation of the T loop and is regulated by 5'-AMP. The Plant Journal : for cell and 	molecular biology, 19(4), pp. 433-439.
SUZUKI, A., OKAMOTO, S., LEE, S., SAITO, K., SHIUCHI, T. and MINOKOSHI, Y., 2007. Leptin 	stimulates fatty acid oxidation and peroxisome proliferator-activated receptor alpha gene 	expression in mouse C2C12 myoblasts by changing the subcellular localization of the alpha2 	form of AMP-activated protein kinase. Molecular and cellular biology, 27(12), pp. 4317-	4327.
TOWNLEY, R. and SHAPIRO, L., 2007. Crystal structures of the adenylate sensor from fission yeast 	AMP-activated protein kinase. Science (New York, N.Y.), 315(5819), pp. 1726-1729.
TSAI, A.Y. and GAZZARRINI, S., 2012. AKIN10 and FUSCA3 interact to control lateral organ 	development and phase transitions in Arabidopsis. The Plant Journal : for cell and 	molecular biology, 69(5), pp. 809-821.
VAN DIJCK, P., MASCORRO-GALLARDO, J.O., DE BUS, M., ROYACKERS, K., ITURRIAGA, G. and 
	THEVELEIN, J.M., 2002. Truncation of Arabidopsis thaliana and Selaginella lepidophylla 	trehalose-6-phosphate synthase unlocks high catalytic activity and supports high trehalose 	levels on expression in yeast. The Biochemical journal, 366(Pt 1), pp. 63-71.
VANDER HEIDEN, M.G., CANTLEY, L.C. and THOMPSON, C.B., 2009. Understanding the Warburg 	effect: the metabolic requirements of cell proliferation. Science (New York, N.Y.), 324(5930), 	pp. 1029-1033.
VANDESTEENE, L., LOPEZ-GALVIS, L., VANNESTE, K., FEIL, R., MAERE, S., LAMMENS, W., ROLLAND, 	F., LUNN, J.E., AVONCE, N., BEECKMAN, T. and VAN DIJCK, P., 2012. Expansive Evolution of 	the TREHALOSE-6-PHOSPHATE PHOSPHATASE Gene Family in Arabidopsis. Plant Physiology, 	160(2), pp. 884-896.
VANDESTEENE, L., RAMON, M., LE ROY, K., VAN DIJCK, P. and ROLLAND, F., 2010. A single active 	trehalose-6-P synthase (TPS) and a family of putative regulatory TPS-like proteins in 	
	Arabidopsis. Molecular plant, 3(2), pp. 406-419.
WARDEN, S.M., RICHARDSON, C., O'DONNELL, J.,JR, STAPLETON, D., KEMP, B.E. and WITTERS, L.A., 	2001. Post-translational modifications of the beta-1 subunit of AMP-activated protein 	kinase affect enzyme activity and cellular localization. The Biochemical journal, 354(Pt 2), 	pp. 275-283.
WILSON, R.A., GIBSON, R.P., QUISPE, C.F., LITTLECHILD, J.A. and TALBOT, N.J., 2010. An NADPH-	dependent genetic switch regulates plant infection by the rice blast fungus. Proceedings of 	the National Academy of Sciences of the United States of America, 107(50), pp. 21902-	21907.	
WILSON, R.A., JENKINSON, J.M., GIBSON, R.P., LITTLECHILD, J.A., WANG, Z.Y. and TALBOT, N.J., 	2007. Tps1 regulates the pentose phosphate pathway, nitrogen metabolism and fungal 	virulence. The EMBO journal, 26(15), pp. 3673-3685.
XIAO, B., HEATH, R., SAIU, P., LEIPER, F.C., LEONE, P., JING, C., WALKER, P.A., HAIRE, L., ECCLESTON, 	J.F., DAVIS, C.T., MARTIN, S.R., CARLING, D. and GAMBLIN, S.J., 2007. Structural basis for 	AMP binding to mammalian AMP-activated protein kinase. Nature, 449(7161), pp. 496-500.
XIAO, B., SANDERS, M.J., UNDERWOOD, E., HEATH, R., MAYER, F.V., CARMENA, D., JING, C., 	WALKER, P.A., ECCLESTON, J.F., HAIRE, L.F., SAIU, P., HOWELL, S.A., AASLAND, R., MARTIN, 	S.R., CARLING, D. and GAMBLIN, S.J., 2011. Structure of mammalian AMPK and its 	regulation 	by ADP. Nature, 472(7342), pp. 230-233.
YI, M., PARK, J.H., AHN, J.H. and LEE, Y.H., 2008. MoSNF1 regulates sporulation and pathogenicity in 	the rice blast fungus Magnaporthe oryzae. Fungal genetics and biology : FG & B, 45(8), pp. 	1172-1181.
YOSHIDA, E.N., BENKEL, B.F., FONG, Y. and HICKEY, D.A., 1999. Sequence and phylogenetic analysis 	of the SNF4/AMPK gamma subunit gene from Drosophila melanogaster. Genome / National 	Research Council Canada = Genome / Conseil national de recherches Canada, 42(6), pp. 	1077-1087.
ZHANG, Y., MCCARTNEY, R.R., CHANDRASHEKARAPPA, D.G., MANGAT, S. and SCHMIDT, M.C., 2011. 	Reg1 protein regulates phosphorylation of all three Snf1 isoforms but preferentially 	associates with the Gal83 isoform. Eukaryotic cell, 10(12), pp. 1628-1636.
ZHANG, Y., PRIMAVESI, L.F., JHURREEA, D., ANDRALOJC, P.J., MITCHELL, R.A., POWERS, S.J., 	SCHLUEPMANN, H., DELATTE, T., WINGLER, A. and PAUL, M.J., 2009. Inhibition of SNF1-	related protein kinase1 activity and regulation of metabolic pathways by trehalose-6-	phosphate. Plant Physiology, 149(4), pp. 1860-1871.









- 7 -



